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CONCLUSIONS (Abstract)

1. The presence of tin in a solder for use on cop-

per has a very corrosive effect, increasing with

an increase in the acidity of the electrolyte.

2. A tinjess solder of composition Pb 78.8 - Cd 19.7 -

Zn 1.5 is far superior in every respect for use on

copper and removes all harmful effects of tin.

3. The presence of tin (even in very small propor-

tions) In a solder for use on iron fosters cor-

rosion in weakly acidic solutions. In a strongly

acidic solution its corrosive effect lasts only

for a brief period at the start. In the latter

case the iron is protected but the anode, (alloy

formed on application of solder), corrodes rap-

idly.

4. A tinless solder of composition (Pb 78.8 - Cd

19.7 - Zn 1.5) is superior in every respect for

use on iron than onA containing tin.

5. The presence of tin in the coating of Terns

plate removes all advantages to be gained by

use of tinless solder.

6. There i3 no definite correlation between the

equilibrium potentials of solders and their

possible corrosive effects. This is to be ex-

pected as in a soldered joint the alloy formed

is the corrosive influence and not the pure solder#

- 41



INTRODUCTION

General

The failure of' soldered jpints due to an ex-

cessive and acce'.rted corrosion of the parent

meal at its jur.o ure with the solder has made

i" dTrative an inv'estigation into its causes, SMd

"f possble the 1-3e o3prnt . preventative meas-

I'Le uin cf ':'Ae o exit st dard 50-50 solder

(> -Sn) is pri .ctici.°lly universal., notwithstnnding

the ftct that the corrosive effec of tin and tin

cnpoP",dr upo:: mny me .-±xs is common knowledge

* t':±ough,, t ti,; interested industries. Its effect

is espe(iA.,ly mrzeC upon copper rind iron when ex-

poued to simp?.e : C.v rt,.c t-on. The corrosion of

cartridge contAiners at +he soldered jo.nts, and

Thc shearing off o.. th, nertip pellets on the spiral

springs of Mark I long fuzes caused by deep line-type

urrosion, are ex-.ellent ex..ples of its action when

used. upo(.n low; cqribon steul's.

Thus it is found tha.t t:.e letding investigators

in this field. have turned to tinless solders as the

uolution to Vheir problem. Alloys consisting of lead,

crcimiu, zinc, and bismuth have shown promise of over-

corping this corrosive effect ri'nd lately there has been

considerable activity in the endeavor to determine the

best composition.

-i.*
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*Specif ic 2

It ise the object of the writer to: (1) Conduct

a detailed investigation of one solder of the follow-

ing composition 11o 78,8% - Ccl 19.7% - Zn 1.5 to

de termlne itqs rell.ability for use upon iron and copper.

(2' To aeter~ine ;1L6 position on the electromotive

series of ti1.es:3 oolders an-, th-.!r relation to cor-

This ~Ai~u~ soldier wras o'iosen because in a

p~r.1J.invectig--.U.i by M~r. H. c.Carter, Watertovm

'krse,±.%L, upon the ociiparr.ti ie phyes.caI properties of

;.±e 'x~y-'~v 45) tinless solders, this one was I
* ,nnd .'o exidbit the best properties of all1 those

'Aried, t.nd to ' i cuperici- in -ihat respect to 50-50

(Pb-Sn) sollvr.



HISTORY 3.

Before entering into a discussion of the histori-

ca.L background of this subject it would be well to de- P
fine a fev terms uned by the eleotro-chemist so as to

avoid aty mioconc'%tion of tie following statements:

Tne engineer is interested in the flow of elec-

trioity outsidie of -6he ctMll z1d consequently considers

-lhe positive pdole a. f.e Eou-e f.com which current

f Lows. Actu.,.'.;.y thu current flowre from the negative

poie cT electrode .into the electr)lyte, thence to the

ositile pole -nd -vt. inesirich a, the electro-cher-1

is', is ".nterTteL only in wh' t happens within the cell,

a? is especially interested in this negative pole

ere u-uali: ,stAl'ic z,'toro become ions and migrate

'o the positive pole. 'This is th, pole thpt is goin.

to' be cu)roded due to -i.,e 1'.-nsfu_'matiun of qtoms to

the ionic sGate ancd subsequent migration. He calls

his the anoc.e. TLus to sey t.h.t zo particular metal or

co pound is R.nodi. to nnothe,' is to imp.ly tnact the form-

e~r Will suIffer the raore extreme corrosion. Of course

Ahe reverse Ytould be true if it were cathodic. This

";Erminology will be used throughout.

The problem of corrosion has undoubtedly been

with us since the earliest times, but active investi-

getion into its causes and prevention is a product of

comparatively recent years. Probably one of the wost

significant facts pertaining to corrosion--that a

neutrPl water tends to become alkaline during the



4process of corrosion was not discovered until 1788 1
by the chemist Austin. Thus it is apparent thp.t

the increased uce of metals, especinlly of steel as
substitute for the non-ferrous alloys, has focussed

Our attention upon the necessity of cevising prevent-
ive measures to c..T.rcome tbe serious losse3 suffered

by :.nduatry zf tte oresent dvj.

The history of cct'ooj ca is esentially an ex-
position of the different theories which have been
evrrnc ec. s to its cpusej.. HoV"ver, in the specific
yue stion in >.nd :he only - b-se qeceE.-o-r to consider

is t-hat tue to &alvanic arction.

In this field; and even further narrowing it dovn
to . c3-iuidc't-.cIon of t.±e vork done upon tinless sold-
er, an.- the effect of our common 30-50 (Pb-Sn) solder
on i.ron rnd irn t,,ore 'e n. few outstanding leaders.

The work of Paul D. Kerica of the Bureau of Stpnd-
i.riqs uon the co-oseivk tffects of tin upon copper hesbeen uni-ersally Rccepted. in hi,, inv-:stignation hne

deoit with Ainned sheet cop-.or, experimental samples

-:f which he r-eceived from- tinned sheet copper roofing

aczually in uce az the time. Amongst others he hadI
SLnples from the roofing of the Library of Congress
and the State House of Texas. To reproduce these
conditions in the laboratory md to give a clearer
indication vf the effect and existence of alloy forma-
tion, he prepared laborptory saiples by hest treating

____ ____ ___ ____ ____ __



5
electrolytic copper coated with Sanes tin. He found

the presence of two alloys and the eutectic in his

homogenized an,mpl.s. He then set up electrolytic

k" cells compose-! ci these specimens and the pure copper

strip,uing ,raryig electrolytes. In all cases he

founC the eu'ecti.- to be a.no ic to copper and there-

f~rL tend.ing to rezh~ce cercJ.on. However, the eutec-

ti- is merely P e.,iaan,.ol proteo Ion and as soon as

this protectpre bary'ier was broke-A down by scratch'ing

or cOv.e 'o natural _orro3s.cn the c)pper began to fail

rp ,r)ly It ita.st be r.ixcd ttw.t in the use of electro-

lyres h'..s solutions were essentially acidic. The two

" '._derlying ao2.oy3 ;ere found to be cathodic to copper

nd thur foster corrosion. His ivestigatio1 sho,led

th.it thE tin coating ozi uopper consisted of two distinct ]
alloy Dqoyerj next "o tht copper andic finally a layer of

the euteotic, that the alloy layers are cthodic to

both the outer ti-a eutc'tic and the und1erlying copper,

ana less reac.ily -ttacked l:r water" and dilute acids

(also alkalies). As long as there was any presence of

-he tin eutectic zhe metal was protected, but any fail-

ure in this outer layer produced rapid pitting. In his

PP laboratory homogenized specimens he attempted to simu-

late this effect by dissolving the eutectic by boiling

in concentrated HO1 for a few minutes. He found that

when done properly, the copper corroded (or was anodic)

but that if there was any tin present (not completely

i4
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removed by the boiling) the copper was protected

(cathodic). This investigation is of fundamental

importance as it forms a basis for comparative A

effects in the field of tinless solders, inasmuch

as a similar effe ' should be apparent in the alloy-

ing of a tin solc.r with copper.

In the inve ,ti:r.tion of the- ue of tinless sold-

ers upon copp,-r the.' has been s, very recent work

done by Mr. Howard Sheaff of the research laboratories

f the ti..onL .L Ie-i2d Covmay h e investigation has

coni.ned itself w: !]y to c.irbipationc of Lead-G&dmium

Zinc Prd Bismuth solders with which he has had some

."uccees. Fe oecmn to find the best solder to be one

of Led 85.4 - Cad!iuir..4.23 - Zinc 0,28. He aFlso

states that the proportlins of zinc shoalC never

exceed. 1t.

There has been considTerele work done along similar

lines by the Bureau of .S.c,da.rds and the Copper and

Brass Research Association cf 11ev York but essentially

it has been a verification of Merict.'s work and more

detailed studies of the effect of ti.nless solders upon

different metrls. This in.ttar fiel,. is still in its

inf ancy and expanding rapidly.

Theory Pertaining to This Investigation

Galvanic corrosion may be defined as rapid eor-

rosion of a metal due to its being in electrical

contact with another retl in the same electrolyte

and subject to oorroesive conditions. It is causedUJ



by the difference between the individual tendencies

of metals to be acted upon or combine with corrosive

materials. With proper apparatus this difference in

tendency of t-to n.etals to corrode c.n be measured in

volts. This is +h% voltnge of the galvanic cell and

is the cIrivin Ic.Tce behind galvanic corrosion. The

ri-ai cha:tacteriptic of this type of corrosion is that

or.. mttal sff., "sie corr sion while the metal

vdjacent to it Ooes not suffer t. such an extent. There

has beer. ptblishe some uneful u!ta on galvanic corro-

sion td the foi.Gr.-:iug galvafic elect.,cornotive series

has beer E,.' nc,.

Corroded End (Anodic)

(Aluminunfl

(Zinc A
(COCiziur,

Steel
Iron
CLromium Iron (active)
Ohromiu.z - Nickel - Irnll (active)

iSolder 50-J) (Pb :,n)

Lend

N ickel
(Brasses
1Bronzes
Monel
Copper

High l8do chrome stainless alloy(passive)
Ohromium Nickel Iron (passive)

Silver Solder

S Silver
Gold
"Platinum

Protected end (othodio)



* •

Connecting two wetals in different groups on

the list results in the more anodic metal being

corroded if dippea in dilute water solutions of

selts, acids or -Jktlis. Iletals grouped together

-in one grout usii.]J have no tendency to cause gal-

vanic corro, ion,

However, i-t; must be r.Flized at this point that

the short niru-Wte fted nl gut .p in a soldered joint

"s not compcsed of the metal ;inc the pure solder. We

tire fl-bLinI-r Pith. the z.J oy icrmaci in the soldering

proces so this :-, '-e .i o' int-._-est only '.n showing

that c,."o,.h, for instance, 50-I0 solder is anodic

tc copper the aIl.oy formed in a soldered joint of

copper and 50.50 solde] is cctho'ic.

This series shows The tendency to corrode, but

actual jalv,.:- ic cor-oslon trkes place only when currert

flows. To allow current to flow certain conditions are

necessary:

1) There must bo good coaductivity, that is,

good electrical contact must be maintained between both

metals through the electrolyte.

2) There must be good contact surfaces, be-

cnuse often formation of gases on the protected surfo-,

(Hydrogen especially) and also insolubli protective

*films on either the protected (cathodic) or corroded

• (anodic) surface materially impedes the progress of

corrosion.

4



3) The surfaces must be close together.

4) A large unprotected (cathodic) area fosters

rapid corrosion as do small anodes.

5) High Elec r:fo-Uotive Forces aid the progress

of corrosion.
It is s-rident that to pin.ce one's finger upon

the specific revoon for i be ;urxzcive or non-corro-

sivc effect :)- d effelent gEii.nic couples would re-

qU.Ure a very careful study. However, the measure of

the res<T.tant effe,,tu oC a), the Ebove factors is the

'low cf ourrent. 'eh.e p) 4:ert*l i. the tendcency to

corrode---the intensity factor--but of far more import-

* .ce is the e::ter- of corrosion, which depends upon

the qua-Utity uf electrioity that flows, the ourrsnt or

th canttcity factor. I- ism n iended in the performance

of ',,,hi. t,. C, with current densities

-one and by running a compar.+ive test with 50-50 (Pb- A

Sn) solder rvnV. the new trless solder of composition

Pb-78-8-Cd 19.7 - Zn 1.5 .c deter.iine tneir relative

value for use on copper and iron.

The electromotive series is very useful in pre-

L.icting 06he magnitude of the Electro Iotive Forces

set up and the anode and cathode of any combination o-
j.

metals in an electrolyte. However, it must be remember- 4 1

ed that industry deals very considerably with alloys

rather than pure metals. In the case of an alloy which

-• consists of two or more phases the equilibrium potential

co sit of++A



10
is usually that of the more reactive or baser phase

present. If the trio or more metals in the alloy are

mutually soluble te equilibrium potential increases

continually with :,i increase tin the composition of
the ncb~ereta~. -t If a netellic compound is formed,

vnsolubl.e in eitw'e metal, the equilibrium potential

of ..),e ur.mpouxI. is i.n '.m" -0 --at of the base and

no'.).e al'.uy The pot',st2. of any composition can,

-'orefore, ' ertiiat-ed if the equilibrium potentials

of vbE t~io con.itents atv= knovn as well as the equi-

Sibri.;. di~gv~ui ~'e &buw :, a;r~eni are taken from

v i'b:l ;tion er.i-i..o. 10orzosion Theory" by Dri P. R.

js,'ing of Wlter%-vn Arsenc.l. It is well to bear in

:,i-cI thath, .e gnerao. uiec are truly gereral in

nature -nd c:.ver only ta.c usu.l cact. The,,. are many

eptus too Y.-anie 4-- entioa. Tae nature c.f the

e, ctroiyte ,iffects the potential very materially; often

an alloy or rq tallc co.,pot'n w iah seems to prove the

i."-e in one solution wiL rlet-ly d6sproveit in

another. Then you consider tile innumerable number of

alloys and metallic compounds and the equally large

na. ber of electrolytes That mtight be chosen it js ob- :1

vious tiat this field has hardly been touched an. that

theories must be reserved for more complete data. Also, ]
another factor of mhacr importance, is that some metals

do not seem capable of reaching an equilibrium potential

in certain electrolytes. The reason for this is still

being studied and at the present time no satisfactory

: } :'1



conclusion has been reached. In such cases a close

approximation may be hazarded by arriving at an

average value where the curve of potential against

time begins to become asymptotic to some potential

value. This is the best that can be done in such

cc.ss a.,nd aepli6e to the particular study in haid.

r~% r mention f t-'_,s F.: will be made in the

Dicti.iorn G Resul' s .

Before leaving this subject there are certain

con'¢efrtiouif regarding signts. Wnicl must be mentioned.

'A. Outside th3 cell p;, tivt electricity flows

toward tie negative pole; inside the cell positive

* electricity flows from the negative pole.

* 2) The ottz:lal cf a single electrode half

cell is determined by reference to the N hy.drogen

e!.:ctrode, which is pla.ee at the left for reference

and combined with the electrode in questions at the

right. As this iavestigati:). will be conducted using

a saturated calomel half cell, th3 following is an

example of the manner in which the flow would be

written:

H2 (I atmos) I s, +/ Hg (sat) / Hg- 40.246

direction of + electricity
within the cell

Thus using an electrode whose potential is to be de-

termined the flow is written in the order, Electrol-yte

Electrode, and a positive value means that + elec-

* tricity flows from left to right, from solution to
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electrode. To illustrate: The case of 50-50 (Pb-Sn)

solder in this investigation would be written as

follows: (Using ea-,urated calomel half cell and Sea

Water eleot:olyte)

1g / Hg4 (sat) // Sea Water / 50-50 Solder

reading

direc 'on of I electricity

reading -

The sign of an electrode gives the sign of the

charge of the electrode against the solution when A

connected to zhe normal H2 electrodie. Noble metals 4

are 4 a:ict base metals -

The wrier intends to use the saturted calomel

balf cell whioue value is + 0.246 volts to determine

thq equilibrium potentiqol of cop oe,, iron, 50-50

(?-'.-Sn) solder, and two tbt3-ss siders (composition

oIxen in description of experiment) using synthetic

Sea Water as an electrolyte m.nd To determine any re-

ln.-ion between these values and their effect on coz-

rosion as set forth in the first part of this study.

bI

f I
- 4 i



EXPERIMENTAL PROCEDURE 13

1) Preparation of Specimens:

The following specimens were prepared; all

three incheR i.ono 'y one inch wide:
No. of(Specimens

50-50 (Pb-sr) solder (3)

Pb 78.8- W 9.7 - Zn L.5 (3)
soic'er

C.roei 56-0J scllo beIt treated (2)

Ooner C ec0'.*um solder heat treated (2)

Fieotroiyti-o -,opp3r strips (5)

L_:t.,ht .';.ner.L ' low caroon s'Geel (5)

St..el (,s abor.) 50-50 soldur (2)

Stel (as above) + Cadmium solder (2)

P' CO.7 03d 17.3 - Bi 2 solder (I)

Tile copper strips wfre o electrolytic copper

a, weru carefullv cle- :eid sa.-id-papered before

The steefJ used (hereafGqei referred to as iron)

w, s a low ca bon bright snnei) ed steel such as use.l

i, cartride cGntainers, .01' in. thick.

The heat treated specimens were prepared by

crrefully rtmoving any film coat4 r.g, fluxing with

r.Cle, and dip-ing several times in a molten solder

both to insure a good even coating. These specimens

were then heat treated at 50000 for five hours, e-ch

*specimen surroundtd with powdered charcoal to prevent

oxidption. They were then cleaned by removing any

clinging carbon particles with fine emery paper until
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a clean surface was obtained. A sample was then

cut off the bottom of each specimen for micro-

etching. These ear-,iples were %then electroplated

with copper, noun'-ed, polished, etched, end a

micro-photograph tiken.

Th: SOLder eijec:.mens were weighed out accord-

i.*to L-PecU.:'4CS CL11 and rre'ted in a porcelain

o.:txible in ati, ox-rten '-:ee u~pproximately) atmos-

,,jre tu prev,,,ent '.he formation of excessive drosse.

Drii~s wts ac.,ui~pl%-L,-)Led by hea-ting 'Vhe crucible in a

lar&,er -U-1urimn craibJe the latter having a cover

trt:.ough1 the -,ent- : of which a gas flame was played,

* !>us ucirg up most of the available oxygen. The

multen rolder wa!, then pcureL into an aluminum mold

, dim -:ions~ 3"1 x III X 1/8"1. When ready f,)r use

-Q-ese epeoiuAers wveie braze-.] i.ith a knife to removeI

The pot.,ent tome ter vias r1.e~uf,-ctureQL by Leeds

F'nd Northrup and vas calibrated by use of a standard

'I"esion Cell before each set of readings at whichI

there had been any apprz&4 %hle length of time since

the last readings, at least once daily. The battery

used with the potentiometer was an Exide battery.

The galvanometer was of the suspended minor type, It

* was firmly attached to the wall to reduce the p~ossi-

bility of any vibrational effect. A special instru-

ment was used in the coupling to the galvanic cells.
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When the vertical switches (see photograph figure 
2)

are up the cells are shorted. The switch is pressed

down to close the circuit.

All ir.gredients for use in the calomel half cell

were certified cteuiicliy pure. A better idea of the

set-up will be obt-.ined by the close-up photograph,

T , 1. A ph3tOC'-&Ph cf the entire set-up is given

on Fig. 2. A d:xtgram.tiO sketch of the electrical

connections is nhown on Fig. 3.

7_ ) iAej.hod ot prc.eeJure

'.!, milii ai.;uieter was first calibrated by the

rse of a staniaru 10 ohms resipsance and the poten-

- •joneter. The following galvanic celjs were then

pxeparei by separating the two speciaens 
by a round

hard ruober insulator cne inch in diameter. 
One

s'uare incal of erch specioc-ii was exposed, the rest

' .ng coverfd with p9raffii.

Copper vs 50-50 solder

Oopoer vs Cv.dniur sol.dOer

Copper vs heat treated cop;,er + Cadmium solder

Iron vs 50-50 solder

Iron vs Cadmium solder

Iron vs heat treeted iron + 50-50 solder

Iron vs heat " ,, Cadmium solder

Iron vs heat treated Terne coat 4- Cadmium solder I
It might be well at this point to explain the 

latter

cell, Terne coat is P. low carbon steel (usually)

covered with a fine lead-tin coating, this particular



specimen was .018 inches hiick.

It was decided to use Sea Water as an elec-

trolyte because much of the corrosion reported,

especially in thc cise of the iron h%, d taken place

close to the seaboard in a damp stmosphere and

-hese conditions could best be approximated in this

wcy. The Ph of -Lis electrolyte was obtained by

the dye col.or method. It wrs found to be 5.25

(sli~fitly ali;

Two hu:,dred and fifty c.c. (250 c.c.) beakers

were used to hold The specimens, eeoch having been

,i-nsed in dE ti.Led wn.r.er. One hundred. and twenty-

fiye c.c.'s (125 c.c.) of Set- Writer wss tadded to

the ernity bezker; (each). The sritch corresponding

So the particu.lar ce.L wras ueprek'ed (thus forming

r closed circuit) and the ceLl inrersed in he sulu-

Ciion. An instetrmeous v, ,.ue of the current wao

i ead. Readings ,-ere ts.keii every minute for five

rinutes, then every five m:nute8 for rni hour. Ree.td.-

in,-s were then taken without any definite plan, a-t-

tempting to take at least one a day until the cell

rppeared to be msching a point of equilibrium when

rreater elapsed time was allowed. Notrtions were

made throughout the test as to change in color of

solution, formation of precipitates, Pnd other per-

tinent data that might prove of interest. These

cells were covered with a larger bepaker to protect

them from dust during the run.

...... -... '-, i ... I I I I '~i :i
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These were allowed to run until an equilibrium

point had been definitely reached. Then 5 c.c. of Hol .

wes added to each beaker to determine the effect of a

little stronger acidity, corresponding to a more acidic

atmosphere as might be encountered close to a large

seaport toon whbre the fwes of factories materially

(reL ati- e only) acidify hu atmosphere. The pro-

cedure was tLnn the seine as for the previous run.

In Uhe determination of the equilibrium potential

the seturated cplomel. half cell was used with a 1Xcl

brjd ,e. This is best diagrantically shown in figure

i . The bridge was formed by an inverted U tube of

1/4" glass tubing with a vertical member fused into

the center of the horizontel member of the U. In

this way it was possible to draw the solution up into

the verzical member and i en by clamping the rubber

nose extension to hold the liquid there. This method

galve positive proof that the U tube was full as it

wao possible to hold the surface of the liquid- in the

bridge well up in the vertical member. The por" i'....

of the U immersed in the solution were drawn out with

a right angle bend to about 1/1" in diameter. This

aids in preventing diffusion of the Kcl into the Sea

Water in the last beaker. The specimen used was the

same as used in the previous portion of this investi-

eation and similarily prepared. As close to an in-

stantaneous value as possible was obtained (about 10

sec) using the potentiometer and galvanometer set-up
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to take readings. Resdings were taken every five

minutes until a condition of equilibrium was ap-

proached. As pr,viously discussed these values

never did reach ,-. point of absolute equilibrium

but in an electrolyte as chosen this was not ex-

pected.. When differences between successive read-

irgs hd diminished to the order of magnitude of

a fevi thousandths the readings vere discontinued.

Luch closer differences were obtrined than this In

severIl cases.

4'1-
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Copper 19

50-50 (Pb-Sn) Solder
+ - Anode solder
- = Anode oopper

Electrolyte - - Sea Water

Time Reading
L aiutes Killi - Amperes

0 .586

.201

.147

i0 .088

20 .061

IO .058

.058

50 .057

0 .056

.047

23 .026

46 .028

78 .0293

125 .029

:00 .029
Electrolyrte --SeR, Watr- 50L He!

-0inutes

0 .142

60 .029
H-Iours

5 .029

29 .029

49 -.029

S78 .029
4,

£4,



Copper 20

vs

Cadmium Solder
+ - Anode solder
- = Anode copper

Electrolyte - - Sen. Water
Time Rep.ding

L'im1 es Milli - Ampee
Vinutes p2~ e~re

0 1.65

S1 ,38

5 .17

10 .1

2u .li

2012

0 .12

50 .10

.09

- .047

S21 .025

, C .05

101 .085

.120

: 49 .135

200 .120
Electrolyte -- Se. Water - 5% Hcl

Alliutes

0 .70

130 .41
Hours
2 .27

3.28

22 .29

41 .23

* 200 .195

368 .160



Copper 2.'
vs

* Copper .. 50-50) (Pb-8n) solder (he.t treated)
Anode heat treated specimen I

-=Anode copper
Electxc.lte -- Seat WaterTime Reading

tnut es Mli-Amperes
0 .146

30 .056V

'30 0

-.102
5 -.059

0 -.023

- O -.010

40 -.006

Mi~nl.ites E .eoVyte -- '3e. llrter - ~ Hc7
0 -1.02

10 -. 117

60 -. 644
I1 ours

2 -.r293

4 -.0293

5 -.0293

24 -.0293
27 .0293

r28 -.0293

57 -. 0293



Copper 22~VS
Copper 4 Cadium Solder (heat treated)

+ Anode heat treated specimen
- = Anode Copper

Electrolyte - - Sea Wv.ter

Time Reading1inutes Milli - Am eres-'--b - - ' ,4 4

-I *.17

.138

]0 .094

20 .064

.0615

I 053
CIO .0615! ours
4 .006

155 00of:,

9' .003
103 .009

122 .003

127 .0015

171 .000
195 .000

200 .000
Electrolyt6 -- Sea Water -- 55 Hcl< ltinutesB

0 .38
60 .064

Hours

04 .064! .o 7 .064
26 iOSl
45 .060
201 .006
370 .006



Iron 23
vs

50-50 (Pb-Sn) Solder
- = Anode solder
- Anode iron

Electrolyte - - Sea Water
Time Reading

Minutes Milli - Amperes

00I 0

5 0

_o -.015

.i.5 -.023

1.0 -.026

00 -.026

4C --. 02-3

0 -.026

60 -.026
Hours

l I -.044

75 -.059

99 -.06

'12 0 -.055

123 -.040

195 -.032

200 -.032
Electrolyte -- Sea Water -- 5% Hcl

liMinutes
60 .38 i

Hours
4 .54

6 .50

25 .22

44 .205

63 .205



Iron 24

Ca~dmium Sol.der
+ - Anode solder
- = Anode Iron

Electrol.yte -- Sea WaterTime Reading
Minutes il A-ee

1 .23

3 .14

5 .12
10 ..11

20 ..07

062
4,, .059

r ,~0.056

60.056V

53 .03

7?7 .03
301 .03

1L25 .026

;130 .023Electrolyte -- Sea Water %b HclN
Minutes

so 3.2
Hours

4 2.3

7 2.2

30 2.05

........ .. .~ .



Iron 25
Vs

Iron + 50-50 (Pb-Sn)solder (heat tre .ted)
+ = Anode hep.t treated specimen
- Anode Iron

ElectroLyte -- Sea Water
Time Reading

Minutes milli - Amperes
0 -,44

1 -.32

-.20

10 -.17

20 -.085

30 -.065

40 -.032

&:0 -.059

60 -.055
Hours

" 52 -.044

76 -. 050

100 -.050

124 -.044

172 -.035

196 -. 035
Electrolyte -- S6 Wrter-- 55% Hcli'1l i nu e s

0 -1.06

60 -.035

. Hours
4 .023

6 .044

25 .082

44 .150

63 .185

183 .134

400 .260

9-



Iron 26

vs
Iron4Cadmium solder (heat trereted)

+ = Anode heat treRted specimen
- Anode Iron

Electrolyte -- Sea Water
Time Reading

kinutes tilli - Amueres
0 4.5

.47

5 .15

10 .06
',O-. o rs20 .009

'.009

-4 r-.003

50 -.003
Electrolyte -- "eR' Water -- 5 Hcl

Minutes
0 + off scale

1 3,3

i0 2.0

60 .24
Hours
20 .17

200 .027



Iron 27

vs
Terne Plate 4 Cadmium solder (heat treated)

" Anode heO.t treated specimen
-= Anode Iron

Electrolyte -- Sea Water

Time Reading
Linutes MiI - Amperes

1 -.14

5 -. 108

10 -.094

20 -.08

30 -.062

40 -.062

50 -.062

^0 -.059
Hours
b2 -.055

76 085

100 -.071
121 -.047

145 .035

169 .035

193 .032
Electrolyte -- Sep. Water - 51 Hal

!inutes
0 off scale

60 -.29
Hours
4 -1059

6 -.059

' 25 -.015

44 .052
63 .059

183 .035
400 029

77,-



Measurement of Equilibrium Potentials

S Saturated Calomel Halt Cell Electrolyte Sea Water

50-50 (Pb-Sn) Solder

Time-Minutes Reading-Volts Difference

0 -. 52750 -m

5 W.51334 -.01416

10 -.50905 -.00429

15 ".50540 -.00365

20 -.o50295 -.00245

25 -,50120 -.00175

* 221 -. 49700 -.00420

Solder (Pb 78.8 - Cd 19.7 - Zn 1.5)
0 -.75238 "" -

5 -.74514 -.00718

10 ",74181 ".00333

23 "o72722 W.01459

30 ".72076 -.00646

40 ",71470 -,00606 i
60 -71000 -°00470

,LI

v*~-- I- * *
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* Bolder -(Pb 80.7 -Cd 17.3 -BI 2) I
Time Minutes Reading Volts Difference J

0 40972477 m

5 -.71756 -00721

10 W6.71242 -.00514

15 W.71372 4.00130

20 -.71276 a000096

25 -.71351 4.00075

60 -.71232 -.00119

Brighit Annealed Low Carbon Stool

0 -.,56873

*5 M,59740 4.02867

10 -.60648 4.00908

15 -.61214 4.00566

20 W4,61624 +*Q0410

30 -.81782 +.00158

Ilectrolytio Copper Strip

".20694 -

5 -.19141 -.101553

10 -.,18918 40.00223

15 M618830 .00088

20 -.18731 00.00099

30 -.18661 0.00070



Tables I to IX inclusive (attached as appendix)

tabulated data of galvanic cells* I

Graphs number I to IX inclusive graphical '
representation of above data.

Table X - tabulated data of equilibrium pcten-

tials.

1. Copper against 50-50 (Pb-Sn) solder (graph

#1)9 The solder was anodic to the ocpper in both the

plain Sea Water and acidified solution* An equilibrium : :;

value of .029 milli-amperes per square inch was reached

* in both electrolytes; in the case of the Sea Water an

elapsed time of 24 hours was required while with the

addition of HC1 the value was reached in one hour, I
Attention is particularly called to the fact that the

solder was anodic throughout; because it will be later

shown that this is not the case In a soldered joint of

these two materials. In other words this test Is

practically valueless in attempting to predict the ac-

tion of a solder upon a metal because in the latter

case we are interested only in the alloy formed* A

blue precipitate was formed in the Sea Water which was

dissolved upon the addition of HC1.
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2. Copper against solder (1b. 78.8 - Cd 19.7

Zn 1.5) (Graph #2).

There is nothing of particular interest dis-

played here. Once again the solder is anodic in

both electrolytes; maintaining a higher value in

the more acidic solution. The solution was clear

throughout.

3. Copper against Copper + 50-50 solder (heat

treated)(Graph #3)e

This cell is of particular interest in that it

shows the effect of alloy formation and the imposui-

.* bility of correlating such action with the results

obtained with the plain solder, (Graph 11). Here,

in the weakly acidic Sea Water (Ph 6o25), the copper

*as cathodic for one hour and there was sharply

attacked, gradually falling off to reach an equilib-

rium value in about 40 hours. However, in the acidi-

fied solution the copper was anodic at all times and

its rate of corrosion as shown by the current density

was mu.ih higher. This test implies that a soldered

joint of this composition would be expected to fail

much more rapidly with an increasing acidic content

of the atmosphere. This test was performed to form

a basis for a comparative study of the effects of a

tinless solder under identical conditions. Inol-
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dentally the results closely corroborated the work

of Paul D, Merioa upon tin coated copper roofing in

similar solutions. A great deal of difficulty was

experienced in removing the top layer of unchanged

solder and probably small proportions of the *uteo-

tic (Cu-Sn). This must be done in order to deter-

mine the properties of the underlying alloy layers which

are the true corrosive agents* The previous work

of Dr, Merica was invaluable in solving this difficulty

because he experienced the same trouble. The

presence of tin will always make the copper cathodic

and thus obscure the true conditions. Boiling in

hot HCl removed this outer layer and gave the values

-r obtained, A photo-micrograph (page ) clearly shows

the alloy formation, The solutions became a deep blue,

4, Copper against Copper + Cadmium solder (heat

treated) (Graph #4)9

The action of this cell shows the markedly su-

perior properties of this tinless solder over the

50-50 (Pb-Sn) solder, The heat treated specimen was g

anodic throughout the test in both electrolytes. In

the case of the Sea Water it reached a value of zero

in about 170 hours and remained there, which is a

very desirable property. The results of this labora-

tory test indicate that the copper would be protected



at all times and a point would be reached at which

theoretically galvanic corrosion would cease, Of

course no such sublime proper-ties are claimed, but

its superiority over tin solder is conclusively proven.

A photo-micrograph (page ) shows the alloy formation.

The solution turned a deep blue.

5. Iron against 50-50 (Pb-Snf solder (Graph #5).

In this cell the iron was cathodic for one min-

ute and anodic for the rest of the test in the Sea

Water electrolyte. In the more acidic solution it

was cathodic throughout. A heavy rust precipitate

was formed in the Sea Water, which later upon the

addition of HC was partially dissolved, leaving the

solution a light yellow, .

6. Iron against Cadmium solder (Graph #6).

In this case the iron was protected throughout

the test (cathodic) in both solutions, with a higher

value in the more acidic electrolyte. The solution

was clear at all times.

7. Iron against Iron + 50-50 (Pb-Sn) solder

heat treated, (Graph #7).

In Sea Water the iron was anodic for the dura-

tion of the test, (200 hours). A heavy rust preoi-

pitate formed on the iron anode and settled on the

* bottom of the .beaker. The addition of HC to the

e 3

"- .~
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electrolyte caused the solution to clear up con-

siderably to a light yellow# and the iron to become

cathodic in about three hours. Attention is parti-

cularly called to the time element in this reversal

of polarity (in the more acidic solution) and the

value of about ,14 milli-amperes per square inch

density at the end of the run. It is evident once

again by a comparison of this cell with that of the

iron against the plain solder that the action of

the solder alone is no criteria of the results to

be expected from the alloy formed in the actual

soldered joint. A photo-micrograph (page ) shows

the presence of alloy formation.

8o Iron against Iron + Cde solder (heat

treated) (Graph #8),

In Sea Water the iron was cathodic for 41 hours

and then became anodic This latter reversal was

marked by the appearance of an appreciable rust pre-

cipitate. Thus although this solder does not pro-

test the iron indefinitely, it is better than the

tin solder which afforded no protection at all. In

the acidified solution the iron was cathodic reach-

Ing a value of .026 milli-amperes per square inch in

200 hrs. At this point a comparison of reuults with

those of the previous cell shows a much slower cor-

rosive rate and equal protection afforded by this

-2m
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. Cadmium solder on iron. A weakly acidic solution

seems to foster corrosion in both oases, but the

Cadmium solder withstands this effect for some

time. A photo-miorograph is included (page ).

9. Iron against Terne plate + Cd. solder

(heat treated)(Graph #9)e

This cell is remarkably similar to that of

iron against iron + 50-50 solder (heat treated) cell #8o

It acts in the same way, the iron being anodic in the

Sea Water and reversing itself, becoming cathodic

with the addition of HCl The presence of even a

*very small percentage of tin evidently has a very

corrosive effect in a slightly acidic solution.

In the more acidic solutions it reverses itself

after about 27 hours (considerably longer than in the

case of aforementioned cell #8), and reaches an

equilibrium value of about .055 milli-amperes, Thus,

there seems to be little to be gained by the use

of this tinless solder upon such a material, ioeo one

containing a coating in which tin is present. There

seems little doubt that the presence of very small

proportions of tin materially accelerates corrosion

in the case of iron.
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10. Potential determinations.

Determination of the equilibrium potential re-

ferred to the hydrogen scale was conducted for cop-

per iron, 50-50 (Pb-Sn) solder, and two tinless

solders of composition, (Pb 78.8 - Cd 19.7 - Zn 1.5);

(Pb 80.7 - Cd 17.3 - BI 2). As previously discussed

these values are not actually equilibrium values, be-

cause no such point was reached, but they are a true

indication of the relative magnitude of the absolute

potentials of these materials with electrolyte chosene

Inasmuch as the object of these determinations was to

attempt to correlate and predict the corrosive effects

" "of these solders, a relative value is sufficient. It

Is not intended to convey the impression that these

figures are inaccurate but sitply that they are only

reliable to the extent of to005 volts. The potentials

were continually falling and the value stated hereafter

was taken when the fall was negligible in the time in-

terval observed. A table of values obtained is in-

eluded (page ).

There is no indication that these values could

be used in any way to predict corrosive effects.

Once again it must be noted that in the corrosion of

soldered joints it is the alloy layer formed which is

of interest and not the unaffected solder*

• *1

5I
,1

"--" ' ~ ~~~ -- -- -
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However it is interesting to note that if the

material tested be arranged in a series as follows

with the basest materials at the top, it is possible

to predict the corrosive effect in Sea Water or weak-

ly acidic solutions:-

Corroded End (Anodic) or base metals Potential

Solder Pb 80.7 Cd 17.3 - Bi 2 -,46632

Solder Pb 78.8 - Cd 19.7 - Zn 1.5 -.46400

Iron -.37182

Solder Pb 50 - Sn 50 -.25100

Copper +*05939

Protected End (Rathodic) or noble metals

Connecting any two metals in the list with each

other will cause the one higher on the list to cor-

rode, (become anodic). Referring to the graphical

representation of the four galvanic cells in which

the solder was used as one pole, it is also evident

that the further these two materials are apart on ?

this list the greater the magnitude of the corrosive

effect, (i.e. the current density). This relation

Immediately suggests the possibility that if the

equilibrium pottntial of the alloy or alloys formed

in a soldered joint could be determined, some very

4
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valuable information might be obtained. This field

offers some very interesting possibilities for fur-

ther research. 

Before leaving this discussion it might be well

to explain the method of arriving at the equilibrium

potential values given previously, because they are

not the same as the observed values given in the

table following. This is because the value desired i

is the potential reforred to the hydrogen scale, and

the readings obtained were those referred to the

saturated calomel half cell. Inasmuch as the poten-

tial of this cell is +*246 volts and all readings 4

were minus the true equilibrium value of the epeol-

.. - mens examined (referred to hydrogen) is the vector

sum of these two quantities. This can be best

illustrated by taking copper as an example.

+ +H/H // Hg /Rg Hg/ Hg+// Sea Water/Cu

+.246 -.18661

resultant

+o65939

I

* ii
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Cu + 50-50 (Pb-Sn) solder (heat treated)

Magnificationt 30OX

Etching Reagent: Unetched

Remarks: Evidence of two alloys

as shown by bright areas

around unaffected solder

(black) and lighit gray,

Copper visible in lower

left hand corner*

Magnification: lOOOX

Etching Reagent: (Fed13 - HCl - CH3OH)A

Remarks: Copper at bottom* Alloy

layers plainly visible.

Block is solder which has

been overetched and dis- J

solved,

7-7.
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Cu + Solder (Pb 78.8 -Cd 19.7 -Zn 1,5)heat treated

Magnification: 500X

Etching Reagent: (7001 3 - H01 - CH 3OH)

Remarks: Copper at bottom, un-

affected solder at top,

alloy layer between,



B -1

j1

2 '

-I/ 7-

iI

Ii



Steel +50-50 (Pb-Sn) solderg heat treated

Magnification: lOOOX

Etching Reagent: 2% bjital

Remarks: Steel at top of pic-

ture. Note evidence

of at least two alloy

I layers*

AA
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Steel + Solder (Pb 78.8 - Cd 19.7 - Zn 1.5) heat

treated.

Magnification: 1000X

Etching Reagent: 2% Nital

Remarks: Structure of solder

clearly defined, but

very little evidenoe

of alloy formation.

Steel on the left -

solder - copper

electroplate.

-- --
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1. Arrangement of the materials tested in an eleo-

tromotive series determined by their equilibrium

potentials, will afford a means of predicting the

direction of-flow of current, (of more interest,

the anode), where any two are electrically con-

nected in a neutral or weakly acidic solution.

2. Copper is cathodic to 50-50 (Pb-Sn) solder in

Sea Water and Pea Water - 59 HC1 solutions,

Ix Copper is in general anodic to the alloy formed

on soldering with 50-50 (Pb-Sn) solder in both

above mentioned solutions,

4. Copper is cathodic to (Pb 78,8 - Cd 19.7 - Zn 1.5)

solder in both solutions.

5. Copper is cathodic to the alloy formed on solder-

ing with this tinless solder in both solutions.

6. The presence of tin in a solder for use on copper

has a very corrosive effect which is accelerated

by the greater the acidity of the electrolyte.

7. A solder of composition (Pb 78.8 - Cd 19.7 - Zn 1.5)

protects the copper in both weakly and strongly

acidic solutions. In the former case it seems es-

pecially valuable in that here the flow of current

approaches zero.

8. Iron is anodic to 50-50 (Pb-Sn) solder in Sea

Water and cathodic in Sea Water - 5% FCl.
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Conclusions (cont'd)

9, Iron is cathodic to (Pb 78.8 - Cd 19.7 - Zn 1.5)

solder in both solutions,

10. Iron is anodic to the alloy formed on soldering

with 50-50 (Pb-Sn) solder in Sea Water electro-

lyte, and cathodic (after 3 hrs.) in Sea Water -

5% HCl solution.

11. Iron is cathodic for 41 hrs. to the alloy formed

on soldering with the tinless solder in a solu-

tion of Sea Water, and then becomes anodic. In

Sea Water - 5% HCl iron is cathodic throughout.

12. The presence of tin in a solder for use on iron

has a very corrosive effect in a weak acid solu-

tion. In a strongly acidic solution the iron

is protected after 3 hours but the current den-

sity becomes very high causing rapid corrosion

of the anode.

13. A solder of composition (Pb 78.8 - Cd 19.7 - Zn 1.5)

is far superior to the standard 50-50 tin solder

for use on iron protecting the iron for 41 hours

in a Sea Water solution (weakly acidic, Ph 6.25)

and then becoming only slightly corrosive; while I
in a strongly acidic solution the iron is pro-

tected throughout, reaching a much smaller our-
rent dentity than is shown with the tin solder*

/
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Conclusions (cont'd)

14. The presence of tin in the coating of the

Terne plate destroys the value claimed for the

use of the above Cadmium solder on iron. Even

tin in such a small proportion has very harmful

effects.

15. No difinite correlation between the equilibrium

potential of these solders and their corrosive

effects can be determined. This is because in

a soldered joint our corrosive influence is the

alloy formed and not the solder.

C¢
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I
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